Abstract We used a set of 16 SSR markers to check the identity of pure-species and hybrid clones in Vietnam's Acacia auriculiformis, Acacia mangium, and acacia hybrid (A. mangium × A. auriculiformis) breeding programs. The statistics package HIest, applied to a large synthesized population, enabled accurate allocation of genotypes to the two pure species, F 1 and F 2 inter-specific hybrids and backcrosses, based on estimates of hybridity and heterozygosity. The hybridity status of putatively pure A. mangium and A. auriculiformis clones in adjacent clonal seed orchards was checked. Four out of 100 clones selected as A. mangium were found to be backcrosses (A. mangium × F 1 inter-specific hybrid) while out of 96 clones selected as A. auriculiformis, two were F 1 hybrids and two were backcrosses (A. auriculiformis × F 1 hybrid). The markers were then applied to check the hybridity status of 160 putative acacia F 1 hybrid genotypes that had been selected on morphological criteria from open-pollinated progenies collected from A. auriculiformis and A. mangium parents. Many selections based on morphology were found to be mistaken. Only thirteen of 63 clones originating from A. auriculiformis mothers were F 1 hybrids, four were backcrosses, and the remaining 46 were pure A. auriculiformis. Fewer mistakes were evident for clones selected from A. mangium mothers, with 82 out of 89 clones confirmed as F 1 hybrids, three as backcrosses, and four as pure A. mangium. The occurrence of F 1 hybrids and backcrosses in pure-species seed orchards and their progeny shows that interspecies contamination is an issue requiring management in both pure-species and in hybrid breeding of these species in Vietnam. Examination of genetic distances among verified clones showed patterns of relatedness that were consistent with pedigree records. Implications for resource management as well as for breeding and clonal selection strategies are considered.
Introduction
Acacia mangium, A. auriculiformis, and A. crassicarpa, tropical acacia species which occur naturally in Northern Australia and New Guinea, have displayed outstanding adaptability and productivity in plantations in the humid tropics. By 2013, Vietnam had established about 1.1 million ha of acacia plantations, including 600,000 ha of A. mangium, about 400,000 ha of clonal plantations of the natural F 1 hybrid between Acacia mangium and A. auriculiformis (hereafter referred to as acacia hybrid), 90,000 ha of A. auriculiformis, and about 5000 ha of A. crassicarpa (Griffin et al. 2011; Nambiar and Harwood 2014) . Acacia plantations are managed to produce pulpwood and small sawlogs on rotations of 5-10 years (Harwood et al. 2015) .
Communicated by Y. Tsumura
Acacia breeding in Vietnam commenced in the mid-1990s with the establishment of first-generation progeny trials of A. auriculiformis and A. mangium (Kha 2001) . Some progeny trials were converted to seedling seed orchards (SSOs) by selective thinning. Open-pollinated seeds were then collected from the best trees of superior families to establish secondgeneration progeny tests (Harwood et al. 2015) . One hundred and fifty A. mangium and 120 A. auriculiformis trees were selected at age 3 in progeny trials planted in southern Vietnam in 1997. These selections were cloned and planted in adjacent clonal seed orchards (CSOs) in 2001, to produce improved pure-species and hybrid seed (A. mangium × A. auriculiformis) (Hai et al. 2008) (Fig. 1) .
Acacia hybrid (A. mangium × A. auriculiformis) is important for wood production because of its high growth rate, acceptable wood properties, and wide adaptability to various environments (Kha 2001) . Natural hybrids between these two parent species are frequently produced when they grow in adjacent stands (Kha 2001) . No other tropical acacia species present in Vietnam is known to hybridize with these taxa (Harwood et al. 2015) . Consequently, only these two species contribute to the occurrence of acacia hybrids in Vietnam, in contrast to the situation with eucalypts where many species hybridize in exotic plantings (Dehon et al. 2013) 
. Commencing in 1992 in
Vietnam, selection and testing aimed to identify fast growing hybrid clones (Kha et al. 2012) . In addition to fast growth, good stem straightness, and light branching, wind tolerance and disease resistance have been used as selection criteria for acacia hybrid clones (Harwood et al. 2015) . However, only about ten acacia hybrid clones are currently planted on a significant scale in Vietnam (ND Kien pers. comm.) .
Using a small number of highly productive clones in forestry has the potential for high yield and simple management. However, there is risk that some or all of these clones may be susceptible to biotic hazards or climate extremes (Burdon and Aimers-Halliday 2006; Roberds and Bishir 1997) . Until recently, disease and pest attack has had little impact on acacia plantations in Vietnam; however, this may change in the near future. Ceratocystis, a fungal wilt disease that kills acacia trees by infecting stem tissues and disrupting flow of water to the tree crown (Tarigan et al. 2011) , has caused damage and death in acacia plantations in a number of different locations throughout Southeast Asia including Vietnam (Thu et al. 2014) .
Acacia hybrid progenies can be produced via control pollination (Nghiem 2012) . However, acacia flowers are very small, difficult to emasculate (Griffin et al. 2010) , and the seed yields from crossing are low, usually less than 10 seeds per 100 pollinated flowers (Nghiem et al. 2016) . Crowns of selected parents must be accessed using scaffolds or following their capture into clone banks, so it is difficult to produce more than a few crosses per year. Therefore, production of new acacia hybrid genotypes for testing has mainly relied on detection of hybrid individuals within open-pollinated progenies sourced from adjacent stands of the two species (Harwood et al. 2015 ).
An acacia hybrid selection program managed by the Vietnamese Academy of Forest Sciences (VAFS) is now testing over 500 hybrid candidates selected from open-pollinated progeny raised from open-pollinated seed collected from unpedigreed seed production areas (SPAs), CSOs, and SSOs. Guidelines for nursery selection of hybrids were first developed by Rufelds (1988) and improved by Gan and Liang (1992) . Leaf taxonomic characteristics and leaf development pattern as well as number of pinnate leaves of young seedlings at 7 to 10 weeks old were used to detect hybrid candidates. When seedlings were raised from mother trees of A. mangium and A. auriculiformis growing in adjacent stands in Malaysia, 46.6% of the A. mangium and 39.0% of the A. auriculiformis progeny were identified as hybrids (Gan and Liang 1992) . However, identifying candidate hybrids at the nursery stage based on seedling morphology is challenging, especially when screening progenies from A. auriculiformis mothers due to the high variation of leaf morphology of this species (Pinyopusarerk et al. 1991; Shukor et al. 1994; Widyatmoko and Shiraishi 2003) . Morphology assessment in four nurseries overestimated the frequency of hybrid individuals in progenies of both parent species by more than 10%, compared with the proportions of hybrids determined in samples of the same
A. auriculiformis (AA)
A. mangium (AM) seedlots using the isozyme marker Gdh-1 (Gan and Liang 1992) . In Vietnam, the detection of hybrids is now complicated by pollen dispersal from acacia hybrid plantations that are frequently planted in close proximity to pure-species SPAs, SSOs, and CSOs (Harwood et al. 2015) potentially yielding a complex mix of advanced generation hybrids (Son et al. 2016) . Molecular markers offer the prospect of more accurate hybrid identification and have been used for F 1 acacia hybrid identification, for example, the isozyme marker Gdh-1 (Wickneswari 1989) , RAPD markers (Wang and Hu 1996; Widyatmoko and Shiraishi 2003) , two SCAR markers (Huang et al. 2005) , and five SNP markers (Yuskianti et al. 2011) . However, there are no published reports of these markers being applied in breeding programs.
Recently, a set of 16 simple sequence repeat (SSR) markers, including ten highly polymorphic SSR and six species-diagnostic markers, has been developed in order to distinguish A. mangium, A. auriculiformis, and their interspecific hybrids. This SSR set has been used to genotype range-wide samples of A. mangium, A. auriculiformis, and their F 1 hybrids. It also has been used to identify F 1 hybrid and pure individuals of these two species in admixed populations (Son et al. 2016) .
The HIest statistical package was designed for hybrid discrimination (Fitzpatrick 2012) , in situations where F 2 s cooccur with F 1 s and backcross generations. This package has proved its utility in hybrid zone research, having been used to estimate the ancestry of admixture in salmon (Glover et al. 2013b) , whales (Glover et al. 2013a) , and several plant species (Arntzen et al. 2014; Kawakami et al. 2014; Michalcová et al. 2014) . This package along with a set of informative SSR markers offers the potential for identification and characterization of acacia hybrids from open-pollinated seed sources. Here, we report the use of this set of SSR markers together with the HIest package to check the genetic status of pure species and hybrid clones used in Vietnam's tropical acacia breeding programs. The implications of the results for resource management and ongoing pure-species and hybrid breeding are discussed.
Materials and methods

Plant materials
In this study, we first checked the genetic status of 100 A. mangium and 96 A. auriculiformis clones in the adjacent CSOs planted in 2001 at Bau Bang in Binh Duong Province, southern Vietnam. These two CSOs functioned initially as clone trials (Hai et al. 2008) . They were selectively thinned in 2004 to retain the best-performing 100 A. mangium and 96 A. auriculiformis clones, after which seed collections yielded some of the hybrid candidate genotypes that we analyzed ( Fig. 1 and Table 1) .
Secondly, we investigated the hybridity status of 160 randomly chosen clones from among the recently selected 500 putative hybrid genotypes currently under clonal testing in field trials. These candidates had been selected based on intermediacy in leaf and phyllode morphology compared to their parent species at either of two ages: (1) at three months in the nursery in open-pollinated progenies from pure-species A. mangium and A. auriculiformis seed orchards, followed by re-selection at 2 years in field trials of the selected seedlings (two-stage process); or (2) at 2 years in progeny trials of the two species (one-stage process) (Harwood et al. 2015) (Fig. 1) . The traits used for hybrid selection at the nursery stage were aspects of the guide developed by Gan and Liang (1992) . Sixty-three of these candidates were from A. auriculiformis mothers, 89 from A. mangium mothers, and 8 of uncertain maternal origin (Table 5 ). Twenty-four of the hybrid candidates originated from known and genotyped clones in the 2001 A. mangium and A. auriculiformis CSOs described previously. To check for errors in propagation and clone bank management, we also genotyped a second ramet in the clone bank for each of these 24 candidate clones. We also checked the hybridity status of ten commercially planted hybrid clones, eight of which were descended from A. mangium and two from A. auriculiformis mothers. These ten clones are widely planted throughout Vietnam (Table 5 and Fig. 1 ).
DNA isolation, PCR conditions, and PCR product analysis
Phyllode samples were collected from clone bank of the purespecies and hybrid clones at the VAFS field station at Bavi (Hanoi), which had been used to provide the clonal ramets used in the field trials (Table 1 and Fig. 1 ). Phyllodes were dried with silica gel (or overnight in an oven at 50°C) and stored at room temperature before DNA isolation. DNA was extracted using DNeasy® Plant Mini Kit (Qiagen, Hilden, Germany), where 50 mg of dried phyllode tissue were crushed to a powder using mortar and pestle and liquid nitrogen. The standard Qiagen protocol was used (www.qiagen.com/ handbooks). DNA concentration and purity were assessed using gel electrophoresis and comparison with a Lambda HindIII molecular weight standard.
PCRs were performed in a GeneAmp PCR System 9700 (Applied Biosystems, USA) with a final volume of 12.5 μl, consisting of 1× PCR buffer, 1.5 mM MgCl 2 , 0.2 mM dNTPs, 0.4 μM of each forward and reverse primer, 0.5 U Taq DNA polymerase (Invitrogen, Massachusetts, USA), and 20 ng of genomic DNA. Thermocycler conditions and annealing temperature ranged from 50 to 60°C depending on each marker (Son et al. 2016) . The 16 SSRs were tagged with fluorescent dyes NED, 6-FAM, HEX, and ROX on their forward primers, and PCRs were conducted in four multiplex mixes (Son et al. 2016) . PCR products were separated using an ABI 3730 DNA Analyzer (Applied Biosystems, USA) by the company 1st BASE (www.base-asia.com); raw data were analyzed using the GeneMapper 3.7 (ABI, USA) software to score genotypes.
Data analysis
In order to test the power of the 16 SSR markers in detection of hybridity status of individuals in an admixed population, we used the R package HIest (Fitzpatrick 2012) to calculate maximum likelihood estimates of ancestry (S, Bthe axis that arranges all hybrids between two ancestral extremes^) and inter-species heterozygosity (HI, Bthe axis that distinguishes F 1 , F 2 , backcrosses and recombinant inbred lines^). We used the allele frequencies from the 127 pure-species A. mangium and 96 pure-species A. auriculiformis samples analyzed by Son et al. (2016) , which were open-pollinated progenies collected by the Australian Tree Seed Centre from native provenances and the program HYBRIDLAB (Nielsen et al. 2006 ) to simulate 1000 individuals for each of the following populations: pure A. mangium (AM), pure A. auriculiformis (AA), F 1 , outcrossed F 2 , and the first backcross of F 1 with A. mangium (BCM) and that with A. auriculiformis (BCA). These 6000 simulated genotypes were then run in the HIest package with the following parameters: 1000 iterations per population and a startgrid of 20, to calculate maximum likelihood estimates of ancestry (S) and inter-species heterozygosity (HI) for each genotype.
Genotypes (either simulated or real) were identified as pure A. mangium if S = 0 and HI = 0 and classed as pure A. auriculiformis if S = 1 and HI = 0. Genotypes were classed as F 1 if S = 0.5 and HI = 1 and as F 2 if 0.25 < S < 0.75 and HI near 0.5. A genotype was identified as a backcross if it was distributed on the side of the triangle (see Fig. 2 ) with HI near 0.5 and S < 0.5 for backcross with A. auriculiformis (average near 0.25) and S > 0.5 for backcross with A. mangium (average near 0.75) (Fitzpatrick 2012) .
Additionally, STRUCTURE (Pritchard et al. 2000) was used for hybrid detection in the simulated populations in order to compare results with that obtained using HIest. STRUCTURE was conducted as in a previous study (Son et al. 2016) , using an a priori hypothesis that K = 2 (two species) with a burn-in of 100,000 Markov Chain Monte Carlo (MCMC) iterations with subsequent 100,000 data generating iterations. To identify the F 1 hybrids using STRUCTURE, we used a q value (genotype membership) cut-off of q value = 0.5 ± 0.10. First-generation backcross were those with q value = 0.75 ± 0.15, and if a sample had q value ˃ 0.9 in one cluster, the individual was classified as a pure-species genotype (Pritchard et al. 2000; Son et al. 2016) .
The HIest package was also used to verify the genetic status of 100 A. mangium and 96 A. auriculiformis clones in the CSOs as well as classifying the hybridity degree of 160 hybrid candidate clones.
A chi-squared test for independence was used to determine whether there was a significant difference between A. mangium and A. auriculiformis in the frequency of mistakes in the morphology-based assessment used to select the candidate clones. The null hypothesis was that the accuracy of selection was the same for both species.
We also undertook analysis of genetic relationship between siblings derived from the same mother tree in comparison with unrelated genotypes. In order to analyze the genetic distances between families and between sibling clones within openpollinated families, genetic distances (Nei 1972) between and within families were calculated for 36 A. auriculiformis and 21 A. mangium families which had contributed two or more clones to the pure-species CSOs using the GenAlex V6.5 program (Peakall and Smouse 2012) .
The genetic diversity in the set of newly selected acacia hybrid clones determined to be Bconfirmed^F 1 s in this study was compared to that of the ten commercial hybrid clones. The average number of alleles per locus and private alleles as well as allelic richness (standardized based on a minimum sample size of 10) were calculated with FSTAT v2.93 (Goudet 1995) . Observed heterozygosity and expected heterozygosity were determined by GDA v1.2 (Lewis and Zaykin 2001) .
In order to analyze the genetic structure within the population of F 1 s, we undertook analyses of the genetic distance between clones. The genotypic distances between the confirmed newly selected F 1 s and the 10 commercial hybrid clones were estimated by GenAlex V 6.501. Principal coordinate analysis (PCoA) was undertaken with GenAlex V 6.501 SPA seed production areas, SSO seedling seed orchard, CSO clonal seed orchard via distance matrix with data standardization (Peakall and Smouse 2012) . In addition, PCoA and genotypic distance within and between full-sib families in the set of 50 progeny derived from 20 controlled crosses between seven A. auriculiformis and nine A. mangium parents (Son et al. 2016) were also estimated by GenAlex V6.501, in order to estimate the genetic distance at family levels. Analysis of molecular variance (AMOVA) (Excoffier et al. 1992 ) was used to partition the genetic variation between two new hybrid groups (new clones from A. mangium mothers, new clones form A. auriculiformis mothers) and among individuals within each group. To evaluate the power of the set of 16 SSR marker in clonal identification, the probability of identity (PI) was estimated by GenAlex V 6.501 (Peakall and Smouse 2012) for the set of 160 hybrid clones.
Results
Power of the markers and the HIest package in discriminating hybridity status
The HIest analysis of the simulated generations (including pure species, F 1 , F 2 , and backcross) showed that the 16 SSR markers had good power in discriminating the hybridity status of Acacia admixture (Table 2 and Fig. 2 ). All simulated pure A. mangium and A. auriculiformis and all F 1 s were classified with an accuracy of 100%. Most of the simulated F 2 individuals (92%) were classified correctly, and most of the remaining were misclassified as backcrosses. In addition, 92-93% of the simulated backcross individuals were identified as backcross genotypes and most of the remaining samples were mis-classified as F 2 s. Using STRUCTURE, pure-species, F 1 and backcross individuals were again correctly assigned (100% accuracy) but discrimination between F 1 and F 2 was impossible because they have the same q value cut-off. Furthermore, the accuracy of identification of backcrosses was lower than using HIest (Table 2) .
Purity status and genetic structure in the CSOs of A. auriculiformis and A. mangium Overall, 4% of the putatively pure-species Acacia clones were found not to be pure. Two of the 96 putative A. auriculiformis clones were identified as F 1 hybrids, two were classified as backcrosses between F 1 hybrids and A. auriculiformis, and 92 were confirmed as pure-species A. auriculiformis genotypes (Table 3 and Fig. 3 ). Four out of the 100 putative A. mangium clones were classified as backcrosses between F 1 hybrids and A. mangium, while 96 were confirmed as pure-species A. mangium.
The A. auriculiformis population in the CSO appears to have captured more genetic variation than that of A. mangium. The average genetic distance (Nei 1972) between families represented in the CSOs was slightly higher in A. auriculiformis (0.14), than in A. mangium (0.11). Genetic distances among clones within families were much lower in both A. auriculiformis (mean 0.02) and A. mangium (mean 0.01) ( Table 4) . Within the 50 control pollinated hybrid progeny, genetic distances between families were consistently greater (mean 0.13) than among fullsibs within families (mean 0.008). As expected, the differences within control pollinated families were less than those within the open-pollinated families of A. mangium and A. auriculiformis (Table 4) .
Status of candidate hybrid clones
Many of the candidate hybrid clones were found to have been mis-classified. From the set of 160 candidates genotyped, 95 were found to be F 1 acacia hybrids. Out of the 63 candidates from A. auriculiformis mothers, 46 were classified by HIest as pure species, four were classified as BCA, and only 13 were classified as F 1 acacia hybrids. However, mis-classification was less common when A. mangium was the mother; 83 out of 89 candidates were confirmed as F 1 acacia hybrids, four were classified as pure A. mangium, and three were classified as BCM (Table 5 and Fig. 3) . The rates of mis-classification differed significantly between the two maternal origins (A. mangium and A. auriculiformis) (df = 1, P = 0.0005). Eight acacia hybrid candidates of unknown maternal origin were also genotyped, four were confirmed as F 1 acacia hybrid, three as pure A. auriculiformis,, and one as BCM. As expected, all ten commercial acacia hybrid clones were classified as F 1 hybrids (Table 5 ).
Clonal and maternal checking
Among the 160 candidate acacia hybrid selections, two were found that had the same genotype in all 16 markers and were considered as one hybrid (PI = 1.2 × 10
−6
). This matched the original selection records (subsequently checked), which confirmed that a mistake had been made in setting up two separately identified clones from a single tree. For each of the 48 candidates from which two ramets were sampled in the clone bank, the duplicate samples had identical genotypes.
Each of the 24 clones descended from known A. mangium and A. auriculiformis mothers that were genotyped in this study had a genotype consistent with that of their mother, with at least one allele per locus matching an allele from their mother at all 16 marker loci (data not shown).
Genetic diversity of new hybrid clones
There was no difference in genetic diversity between the subset of new hybrid clones selected from A. mangium mothers and those derived from A. auriculiformis mothers (Table 6) . H e and H o were identical, and allelic richness was not significantly different (P > 0.05). However, the genetic diversity of the new hybrid clones was higher than that of the commercial clones. The set of 95 confirmed F 1 hybrid clones displayed higher levels of genetic diversity than the set of 10 commercial clones when measured by average number of alleles per locus, average number of private alleles, and allele richness (P < 0.01) ( Table 6 , Fig. 4 ). There were no significant differences in H e and H o between the new hybrid clones and commercial clones (P > 0.05). AMOVA also indicated that the difference between the new and the commercial subsets of hybrids accounted for only 9% of the variation (P < 0.01) (data not shown) and that most of the genetic variance (91%, P < 0.01) was within subsets.
Discussion
It can be difficult to distinguish seedlings of acacia hybrid from those of the parental species based on their morphology (Gan and Liang 1992) . The current study demonstrated that assays using a set of 16 SSR markers with analysis using the HIest package are a more reliable way of checking the genetic status of putative acacia hybrid genotypes. We therefore recommend the use of this SSR marker set for acacia hybrid identification in breeding programs. Microsatellite markers have been widely and successfully applied for parentage identification, hybrid identification, and purity status testing in some crop plant species, for example, cotton and maize (Asif et al. 2006; Bertini et al. 2006; Asif et al. 2009 ). Our study also illustrates the successful application of the markers in clonal identification, checking the status of clones used to establish pure-species clonal seed orchards, confirmation of pedigrees, and monitoring of genetic diversity in acacia breeding programs.
Power of the HIest package and newly developed markers for hybridity classification
The results of the simulation study showed that HIest performed better than STRUCTURE in hybrid detection as F 2 s could be clearly differentiated from F 1 s (100% accuracy) and first backcross generations (96% accuracy), whereas STRUCTURE faced problems in discriminating F 2 s from other generations (Son et al. 2016; Vaha and Primmer 2006) . HIest was designed specifically for differentiating F 1 s, F 2 s, backcross, and pure-species individuals occurring within a single geographic area, whereas STRUCTURE is used for population Fig. 3 Estimates of ancestry (S) and heterozygosity (HI) of 100 A. mangium clones, 96 A. auriculiformis clones in the clonal seed orchards (CSO), and 160 candidate hybrid clones using HIest studies (Fitzpatrick 2012) . Plotting ancestry (S) against interspecies heterozygosity (HI) on a triangle plot (Fig. 3) provides a more complete picture of the genetic structure of hybrid populations than STRUCTURE and other methods that use only hybrid index (Fitzpatrick 2012) .
Checking the hybridity of Acacia seedlings
One hundred and sixty candidate acacia hybrid clones selected based on morphological criteria were evaluated using the set of 16 SSR markers. Selection based on morphology worked relatively well with seedlings from A. mangium mothers (92% were classified accurately as F 1 hybrids, thus 8% mis-classification). However, in our study, morphological assessment did not perform well when applied to selecting hybrid seedlings from A. auriculiformis mothers, with only 21% of the selections based on morphology were classified accurately as F 1 hybrid (79% mis-classification). The likely reasons for the poor success rate with seedlings from A. auriculiformis mothers are that (i) most of the hybrid candidates from A. auriculiformis were identified at age 2 years, when the seedling leaf characters (Gan and Liang 1992) are no longer available, and that (ii) the assessors who made the selections were not familiar with the wide range of phyllode and other morphological characteristics present across the natural provenances of pure A. auriculiformis (Pinyopusarerk et al. 1991) .
As expected, all of the ten commercial hybrid clones were confirmed as F 1 hybrids. Most of these clones had been selected in the period 1992-2000, when only A. mangium and A. auriculiformis were growing in Vietnam. Since then, a total of over 400,000 ha of these ten hybrid clones have been planted throughout the country, with many plantations adjacent or close to most pure-species seed orchards, and pollen contamination from hybrid plantations is becoming an issue for pure-species breeding programs. The presence of unrecognized F 1 and backcross individuals may create errors in the estimation of genetic parameters from pure-species breeding trials and bias the selection of individuals for further breeding (Harwood et al. 2015) . Their presence points to the desirability of establishing isolated seed orchards of both pure species in order to restrict contaminating gene flows.
Microsatellite markers may also be helpful in managing the purity status of planting stocks in seed orchards and detecting hybridization (contamination) events (Harwood et al. 2015) . Approximately 4% of the putatively pure clones in A. mangium and A. auriculiformis CSOs were found to be hybrids between these species. These hybrids could have arisen from (1) natural open-pollination in the wild where the two species share the same natural habitat (e.g., Papua New Guinea (PNG) provenances), (2) open-pollination when seed orchards of the two species are near each other, or (3) pollen contamination of pure-species seed orchards from adjacent pure-species or F 1 hybrid plantations. It is quite likely that some hybrids came with the open-pollinated seed imported from Australia and PNG. Two natural F 1 acacia hybrids from A. auriculiformis and four backcrosses from A. mangium mothers were identified from PNG provenances where A. mangium and A. auriculiformis co-occur, flowering is more or less synchronous, and trees of both species are visited by the same pollinators (Sedgley et al. 1992) . We also identified two backcrosses between hybrid and A. auriculiformis mothers that came from a family in SSO in Sakaerat, Thailand. These two backcrosses would most likely have arisen from pollination between A. auriculiformis in the SSO and natural F 1 hybrid individuals either within or adjacent to the seed orchard. This set of SSR markers will help the ongoing acacia breeding programs in Vietnam by classifying hybrid generations, enabling more accurate comparison of the relative performance of different categories such as pure species, F 1 and F 2 hybrids, and backcrosses between the hybrids and the pure species. This can help deployment planning should different hybrid combinations have different adaptive attributes (Harwood et al. 2015) .
Clonal confirmation and identification
Microsatellite markers have become a popular tool for verification of cultivar identity because of their abundance, large number of alleles per locus, and co-dominant inheritance, making them highly informative (Jones et al. 1997; GarkavaGustavsson et al. 2008) . It is very important to keep track of the genetic identity of operational clones, especially in clonal seed orchards containing superior breeding materials (Suharyanto and Shiraishi 2011) . Mis-identification may occur at all stages of the process from the development phase to production and planting operations. The economic and genetic impact of any errors in genotype identification will depend on where these occur in the breeding and deployment cycles (Keil and Griffin 1994) . In pine, the frequency of incorrectly identified ramets in seed orchards has been estimated to be up to 10% (Wheeler and Jech 1992) , resulting in significant loss of genetic gain. The simplest application of a set of SSR markers is fingerprinting, to Bdetermine if two ramets are member or the same or different clones^ (Neale et al. 1992) , and microsatellite markers are very good for this purpose because of the very low probability of identity (PI) that can be achieved, e.g., PI = 1.2 × 10 −6 in this study. Microsatellite markers are widely used in forestry to characterize germplasm and for individual identification, e.g., species of the genus Eucalyptus (Sumathi and Yasodha 2014) and Populus (Rahman and Rajora 2002; Liesebach et al. 2010) . In this study, we observed no errors in samples of paired ramets among 48 randomly selected candidate clones giving confidence that the multiplication process and establishment of the clone bank were carried out to a high standard. Another potential advantage of SSR markers over traditional, record-based pedigrees is the opportunity to correct pedigree errors, which are common in breeding populations (Adams et al. 1988; Doerksen and Herbinger 2010; Kumar and Richardson 2005; Munoz et al. 2014) due to the multiple steps, the complexities of breeding programs, and the large number of individuals. Pedigree errors also were found with both controlled crosses (or control pollinated (CP)) of loblolly pine (Adams et al. 1988 ) and open-pollinated (OP) progenies of red spruce (Doerksen and Herbinger 2010) leading to the loss of genetic gain and reduced accuracy of genomic selection. In the present study, only one pedigree error was detected. But as the breeding program increases in complexity, more errors are likely to be found (Doerksen and Herbinger 2010) . Ciftci et al. (2017) used microsatellite markers to evaluate the genetic differentiation between clones of European black poplar collected throughout Turkey and found that nine genotypes that were labeled sometimes differently were represented more than once and one clone was replicated 84 times. This is because these clones are very popular with farmers and breeders. Something similar could easily happen with tropical acacias in the future, since they are easy to clone and in Vietnam, for example, only 10 clones have been planted over half a million hectares. In this study, we identified the genotype of these 10 clones (available at http://eprints.utas.edu.au/) so that this can be used for identity check in the future.
Microsatellite markers also have been applied in the management of clone accessions in breeding program by providing information on the relatedness and DNA fingerprint of various clones in hybrid poplars (Bekkaoui et al. 2003) . In our study, the DNA profiles of 95 confirmed hybrid clones were determined. Each clone could be discriminated using the set of 16 SSR markers. These DNA fingerprinting data could be used for registration of elite clones or for plants breeders' rights protection.
Confirmation of pedigrees and monitoring genetic diversity
The uses of molecular markers to confirm pedigree information can enhance the effectiveness of selection in breeding programs (Jones et al. 2006 ). The determination of genetic structure and relationships within germplasm collections is also important for breeding (Odong et al. 2011) . In cotton, 13 core SSR markers were used to discriminate among accessions as well as group varieties and hybrids of upland cotton based on their origin (Ahmed et al. 2013) . Microsatellite markers also have been used in inter-individual genetic distances estimation in Eucalyptus grandis breeding populations, where 97% of the 18,336 pairwise distances (with 192 trees) were greater than 0.6 (Kirst et al. 2005) . In this study, we found that, as expected, the genetic distances between families were greater than between sibling clones within open-pollinated families of both A. mangium and A. auriculiformis, with a similar result for control pollinated F 1 hybrid families. The consistency between genetic distances as indicated by the markers and relatedness according to pedigree records shows that the markers used here can provide an accurate and efficient tool for estimating genetic distances and relatedness among clones. Molecular measures of genetic distance could be used in situations when pedigree information is not available, for example, when selecting candidate clones sourced from unpedigreed SPAs. For examples, SSR profiles of teak (Tectona grandis) clones enabled separation of clones from different regions of natural occurrence (India and Myanmar) and the natural origin of clones selected in exotic locations such as Nigeria and China to be determined with confidence (Huang et al. 2016) .
Experience in Brazil with hybrid eucalypt breeding indicated that the likelihood of finding resistance to pests and diseases is determined more by the genetic diversity in the hybrid combinations under test than by the total number of clones tested (Dehon et al. 2013 ). Thus, breeding programs for pest/disease resistance of A. mangium, A. auriculiformis, and their hybrid also need to take into account not just the number of clones, but the levels of genetic diversity in the material tested. The new hybrid clones displayed higher genetic diversity than the set of current commercial clones, increasing the likelihood of their containing additional genetic variation in economic traits such as disease tolerance.
Using molecular marker data to assess the diversity of breeding population (including elite populations and seed orchards) in comparison with natural populations can enhance effectiveness of breeding and conservation programs of Eucalyptus globulus (Jones et al. 2006) . Microsatellite markers (ISSR) have been used to analyze the genetic diversity of E. grandis seed sources in Kenya in order to support evaluation and genetic conservation (Okun et al. 2008) . In the present study, the genetic diversity of the 2001 CSOs of A. mangium and A. auriculiformis were evaluated indicating they were genetically diverse (H o = 0.41 in A. auriculiformis and H o = 0.36 in A. mangium CSO, data not shown). However, a comparison with a previous study using the same of the set of SSR markers with native provenances of these two pure species (Son et al. 2016) clearly demonstrated a reduction in genetic diversity in CSOs compared to that in a wide sample of natural provenances (Ho = 0.55 in A. auriculiformis and 0.50 in A. mangium). Thus, there is scope for using the SSR markers as a guide for infusing new genetic material into the Vietnamese acacia breeding populations.
Conclusion
This study illustrates the successful use of SSR markers in support of tree breeding, through a case study of acacia in Vietnam. The markers were effective for (1) clonal confirmation and identification; (2) determining whether individuals were pure-species, F 1 , or F 2 hybrids or backcrosses; (3) checking pedigrees by comparing observed versus expected relatedness; and (4) monitoring levels of genetic variation in selected populations.
